Genes encoding dodecin proteins are present in almost 20 % of archaeal and in more than 50 % of bacterial genomes. Archaeal dodecins bind riboflavin (vitamin B 2 ), are thought to play a role in flavin homeostasis and possibly also help to protect cells from radical or oxygenic stress. Bacterial dodecins were found to bind riboflavin-5¢-phosphate (also called flavin mononucleotide or FMN) and coenzyme A, but their physiological function remained unknown. In this study, we set out to investigate the relevance of dodecins for flavin metabolism and oxidative stress management in the phylogenetically related bacteria Streptomyces coelicolor and Streptomyces davawensis. Additionally, we explored the role of dodecins with regard to resistance against the antibiotic roseoflavin, a riboflavin analogue produced by S. davawensis. Our results show that the dodecin of S. davawensis predominantly binds FMN and is neither involved in roseoflavin biosynthesis nor in roseoflavin resistance. In contrast to S. davawensis, growth of S. coelicolor was not reduced in the presence of plumbagin, a compound, which induces oxidative stress. Plumbagin treatment stimulated expression of the dodecin gene in S. davawensis but not in S. coelicolor. Deletion of the dodecin gene in S. davawensis generated a recombinant strain which, in contrast to the wild-type, was fully resistant to plumbagin. Subsequent metabolome analyses revealed that the S. davawensis dodecin deletion strain exhibited a very different stress response when compared to the wild-type indicating that dodecins broadly affect cellular physiology.
INTRODUCTION
Riboflavin serves as a precursor for flavin mononucleotide (FMN) and flavin adenine dinucleotide (FAD). FMN is synthesized by flavokinases (EC 2.7.1.26), whereas FAD is generated by FAD synthetases (2.7.7.2) (Fig. 1a) [1] . FMN and FAD are cofactors of flavoproteins which carry out diverse biological functions [2] . The total number and the percentage of genes encoding flavoproteins varies strongly in prokaryotic and eukaryotic organisms [3] . Several species appear to have a minimum number of flavin-dependent proteins that are required to maintain basic metabolic functions (e.g. Thermotoga maritima is predicted to contain 12 flavoproteins [3] ), whereas others, such as the actinobacteria M. tuberculosis (148 flavoproteins) and S. coelicolor (224 flavoproteins), contain a large set of flavoproteins [3] . Most flavoproteins bind their cofactors noncovalently (ca. 90 %) and appear to predominantly utilize FAD (ca. 75 %) rather than FMN (ca. 25 %). Dodecins (Dod) are the smallest known flavoproteins (65-73 amino acids). Dodecins were discovered in the archaeon Halobacterium salinarum (HsDod A ) during the course of an inverse structural proteomics project. The structure of archaeal HsDod A was the first dodecin structure to be published [4] . Structural analysis of bacterial dodecins followed (Halorhodospira halophila, HhDod B [5] , Thermus thermophilus, TtDod B [6] and Mycobacterium tuberculosis, MtDod B [7, 8] ) and revealed that archaeal and bacterial dodecins differ strikingly with regard to their ligand-binding spectrum and binding site architecture. All structurally characterized dodecins form dodecamers and the resulting hollow sphere-like protein complex provides six identical binding pockets for flavin (riboflavin or FMN) dimers which are sandwiched between two tryptophan residues. Consequently, 12 flavin molecules are accommodated by one dodecin dodecamer.
Most flavoproteins are redox catalysts or light sensors. These functions have been ruled out for dodecins [6] and a few reports are available which investigated the other possible physiological role(s) of these small flavin binders. One study suggests that archaeal HsDod A sequesters riboflavin under growth-limiting conditions and releases it during more favourable growth conditions [5] . Moreover, HsDod A was reported to regenerate photochemically activated flavin species [9] . Bacterial dodecins were found to be less efficient quenchers of reactive flavins indicating that bacterial and archaeal dodecins may have different functions. This is in line with the fact that archaeal dodecins incorporate riboflavin while bacterial dodecins bind FMN as well as coenzyme A [5, 10] .
S. davawensis produces the toxic riboflavin analogue roseoflavin (8-demethyl-8-dimethylaminoriboflavin) (Fig. 1a ) [11, 12] and contains a dodecin gene as well as the second known roseoflavin producer Streptomyces cinnabarinus [11] . Roseoflavin is converted to roseoflavin mononucleotide (RoFMN) and roseoflavin adenine dinucleotide (RoFAD) by flavokinases and FAD synthetases within target cells (Fig. 1a) . RoFMN negatively affects FMN riboswitches which control riboflavin biosynthesis and transport [13] [14] [15] [16] . In addition, RoFMN and RoFAD have the potential to inactivate flavoenzymes [17] [18] [19] [20] [21] . Flavins are highly reactive chemicals [22] --they are able to accept and donate single electrons, electron pairs as well as visible light -and at the same time are present in the cytoplasm of cells in comparably large amounts [23] . Intracellular flavins and flavoproteins were reported to be a major source for the reactive oxygen species O 2 À and H 2 O 2 , cytotoxic compounds which severely interfere with cellular structures, metabolism and growth [22] . Streptomycetes appear to have a 'flavin-intensive' lifestyle [3] . For example, S. coelicolor can adapt to various carbon and nitrogen sources and produces a large number of biologically active compounds, such as antibiotics. This organism depends on metabolic power and versatility that are certainly conferred to some degree by flavindependent enzymes [3] . We therefore anticipated that studying Streptomyces dodecins may help to better understand the function of these flavin-binding proteins in bacteria. First, we investigated a possible more specific function of dodecins in roseoflavin biosynthesis or resistance, and second, we studied a broader role of dodecins with regard to the oxidative stress response in Streptomycetes.
METHODS

Chemicals and materials
Roseoflavin was obtained from MP Biomedicals (Heidelberg, Germany). Roseoflavin mononucleotide (RoFMN) and roseoflavin adenine dinucleotide (RoFAD) were prepared enzymatically as described [24] . All other chemicals were from Sigma-Aldrich (Munich, Germany). Riboflavin and roseoflavin are light sensitive and, when not otherwise indicated, all samples and cultures containing these flavins were kept in the dark.
Database searches
All sequence comparisons and database searches (as of November 2017) were done employing the MicrobesOnline database [25] .
Bacterial strains, plasmids, media and growth conditions The strains and plasmids used in this work are listed in Table S1 (available in the online version of this article). The correctness of nucleotide sequences of all inserts of all constructs was verified by DNA sequencing. Escherichia coli was used for cloning and production of recombinant proteins and was grown aerobically at 180 r.p.m. in baffled Erlenmeyer flasks in lysogeny broth (LB) at 37 C [26] in the presence of antibiotics where required. Streptomyces strains were aerobically cultivated at 180 r.p.m. and 30 C. The yeast starch-medium (YS) and the mannitol soya flourmedium (MS) were prepared as described [27] . B. subtilis was aerobically grown at 37 C in LB or in a minimal medium [28] . For growth experiments with Streptomycetes in the presence of plumbagin (15 or 20 µM), nitrofurantoin (100 µM) or paraquat (500 µM) 30 ml YS in 200 ml baffled Erlenmeyer flasks was inoculated with 2Â10 6 spores. The cultures were incubated at 30 C and 180 r.p.m. until an OD 450 of 1.5±0.1 was reached. The dry weight of the cultures was determined by collection of the mycelium by centrifugation at 15 173 g (4 C for 1 min) followed by drying the mycelium at 60 C. For heterologous expression of the S. davawensis dodecin gene in E. coli Rosetta 2(DE3) the dod SD gene (BN_159 1333) was PCR-amplified with oligonucleotides P1333NdeI-fw (5¢-ATA TAT CAT ATG TCG AAC CAC ACC TAC CGG GTC ACG GAC-3¢) and P1333XhoI-rv (5¢-ATA TAT CTC GAG ACC GGT CTC GTC CAG GCG GAA GCC-3¢) which introduced restriction sites for cloning. Genomic DNA of S. davawensis wildtype was used as a template and the NdeI/XhoI treated PCR product was ligated to NdeI/XhoI treated pET24a(+) (Merck KGaA, Germany). Ligation of the dodecin gene to pET24a (+) introduced codons specifying a C-terminal His 6 -tag. Accordingly, for expression of S. coelicolor dod SC (SCO0915) oligonucleotides PSCO0915NdeI-fw (5¢-ATA TAT CAT ATG TCG AAC CAC ACC TAC CGG GTC ACC GAG G-3¢) and PSCO0915XhoI-rv (5¢-ATA TAT CTC GAG GTC GGA CTC CTC CAG GCG GAA GCC G-3¢) and genomic DNA of S. coelicolor were employed. For expression of the Streptomyces dodecin genes in Bacillus subtilis, dod SD and dod SC were adapted to the codon usage of the host. The synthetic genes dod SD and dod SC were produced by Thermo Fisher Scientific GENEART GmbH (Regensburg, Germany) and delivered ligated to the plasmid pMA (a pUC19 derivative). To be able to verify expression of dod SD and dod SC additional synthetic genes (dod In the closely related species S. davawensis [11] and S. cinnabarinus (genomic data unpublished) the gene order in direct vicinity to the dodecin gene (dod) is identical. S. davawensis and S. cinnabarinus are roseoflavin producers and the ergothioneine biosynthetic genes egtA-D are transcribed in the same direction as dod. Downstream of egtA-D a putative transcriptional terminator is present and within egtD a putative promoter is present which probably is responsible for expression of dod. Thus, the genes egtA-D and dod appear to not form a transcription unit. In S. coelicolor the dodecin gene also is located close to the egtA-D genes, however, SCO0914 (unknown function) seperates the egt genes from dod. In M. tuberculosis the egtA-D genes are located elsewhere in the chromosome [42] and the genes neighbouring dod are annotated as genes involved in lipid metabolism, virulence and detoxification. In M. tuberculosis the dod gene and the corresponding gene product has been studied in detail [7] , the physiological function of this small flavoprotein, however, is still not understood for this pathogen.
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) were ordered which contained additional nucleotides encoding a His 6 -tag. The nucleotide sequences of all synthetic dodecin genes are listed in the supplementary file. The corresponding plasmids were treated with BamHI and SmaI and the resulting DNA fragments were ligated to the B. subtilis expression vector pHT01 (Mobitec, Germany).
Construction of an S. davawensis dod SD deletion strain Disruption of the dod SD gene (BN159_1333) in S. davawensis essentially was carried out as described earlier [27] . The specific PCR product needed for recombination was obtained by amplification of the disruption cassette from pIJ773mod [27] with oligonucleotides P1333DC_fw (5¢-ACG GTG GAG TGA CGC GTG TGC GAG AGG AGC ACC CAC ATG ATT CCG GGG ATC CGT CGA CC-3¢) and P1333DC_rv (5¢-AGC GCG CTC AGC CGG TCA CGC TCA GCC CAG CCG CGC TCA TGT AGG CTG GAG CTG CTT C-3¢). The resulting PCR product was employed for replacement of the dodecin gene by an apramycin resistance cassette (aacIV) in cosmid pESAC13.4. This cosmid was obtained from a complete S. davawensis library and was identified by PCR screening to contain the dod SD gene (BN159_1333). Disruption of the dod SD gene in S. davawensis was verified by PCR using oligonucleotides P1333Delta_fw (5¢-GCG CTG GAC CTG GCC GTC GAC TTC-3¢) and P1333Delta_rv (5¢-CGC ACC AAG TTG GAG ATC CTC CGC CG-3¢) and genomic DNA of the disruption strains as a template.
Overproduction and purification of dodecins Dodecins from S. davawensis or S. coelicolor were purified from recombinant E. coli Rosetta 2(DE3) strains and purified to apparent homogeneity (as evaluated by SDS-PAGE) by immobilized metal affinity chromatography. T7 RNA polymerase-based expression of dodecin genes was stimulated by addition of 1 mM IPTG after the culture had reached an optical density (OD 600 ) of 0.6. After 5 h of further aerobic incubation cells were harvested by centrifugation and stored at À20 C prior to cell disruption. All chromatographic steps were performed using the ÄKTA-purifier system (GE Healthcare, Munich, Germany) at a flow rate of 2 ml min À1 and room temperature. Frozen cell pastes of E. coli cells overproducing the different dodecins were suspended in 30 ml HisTrap-binding buffer ( Detemination of flavin-binding to dodecins in vitro and in vivo For monitoring the in vitro binding capacity of dodecins to flavins His 6 -tagged dodecins (50 µM) were incubated in the dark in the presence or absence of flavins (250 µM) at room temperature for 15 min. Subsequently, the proteins were analysed by PAGE. Documentation of the resulting gels was accomplished using visible light, UV-light or staining with Coomassie Brilliant Blue G-250. The E. coli strains CpXFMN and CpXFAD were employed to in vivo challenge dodecins with flavins (50 µM) as described earlier [17] . A scheme of the strains CpXFMN and CpXFAD is shown in Fig. S4 . CpXFMN and CpXFAD are riboflavin auxotrophic, which allowed us to better control the flavin levels in our experiments. Both strains produce a riboflavin uptake system and, in contrast to wild-type E. coli, are able to take up flavins from the growth medium. CpXFMN contains the gene FMN1 from Schizosaccharomyces pombe. The gene product FMN1 produces FMN from riboflavin and ATP and RoFMN from roseoflavin and ATP. CpXFAD contains an additional copy of E. coli ribCF encoding the endogenous bifunctional flavokinase/FAD synthetase which produces FMN, FAD, RoFMN and RoFAD.
Preparation of cell-free extracts of S. davawensis and flavin analysis Washed mycelia were disrupted six times for 1 min at 6 m s À1 using a FastPrep-24T M 5G Instrument (MP Biomedicals, Santa Ana, CA, USA). Cell lysates were treated with 10 % (w/V) trichloroacetic acid and filtered through a cellulose acetate membrane (pore size 0.2 µm). Riboflavin, FMN, FAD, roseoflavin, RoFMN and RoFAD levels were determined by HPLC/MS as described earlier [17] . Intracellular flavin levels were normalized to 1 mg of total protein concentration.
Monitoring gene expression in S. davawensis by RT-PCR S. davawensis strains were grown in YS to the exponential growth phase (18 h, no roseoflavin production) and to the late stationary growth phase (48 h, roseoflavin production occurred). Cultures (50 ml) were inoculated with 10 8 spores. Mycelia were harvested by centrifugation (2000 g; 2 min; 4 C) and immediately frozen in liquid nitrogen. For preparation of all solutions diethyl pyrocarbonate (DEPC)-treated water was used. Mycelium pellets were suspended in 300 µl extraction buffer (10 mM sodium acetate, 150 mM saccharose; pH 4.8) and mixed with 20 µl 20 % SDS and 300 µl phenol. Cells were disrupted using the FastPrep-24T M 5G
Instrument (see above). Samples were centrifuged (15 min, 16 100 g, 4 C). Supernatants were transferred without interphase to 2 ml MaXtract High Densitiy reaction tubes (Qiagen, Hilden) and carefully mixed with 500 µl chloroform/ isoamyl alcohol (25 : 1, V/V in water). This procedure was repeated and supernatants were mixed with 10 % 3 M sodium acetate (pH 6.5) and 1 vol of isopropanol. DNA and RNA were precipitated overnight at À80
C and centrifuged (1 h, 16 100 g, 4 C). DNA/RNA mixtures were washed once with 700 µl 70 % ethanol, centrifuged for 10 min, dried at room temperature and dissolved in water. The mixtures were treated with RNase-free DNase I (Qiagen, Hilden) and RNA was again precipitated as described above. Precipitated RNA was washed with 500 µl 70 % ethanol and centrifuged again. Air-dried RNA was dissolved in water. These RNA preparations were used as templates for RT-PCR using the Maxima First Strand cDNA Synthesis Kit for RTqPCR (Thermo Fisher Scientific, Darmstadt, Germany). Oligonucleotides 1333-207 bp-fw (5¢-ACC ACA CCT ACC GGG TCA CGG A-3¢) and 1333-207 bp-rv (5¢-AAC CGG TCT CGT CCA GGC GGA A-3¢) were used for detection of the dod SD transcript and oligonucleotides gltA-408bp-fw (5-ACA CCG CCG CCT ATA AAT CCG C-3¢) and gltA408bp-rv (5¢-ACG GGT GGC CGA TGG ACT TCT T-3¢) were used to probe the transcripts of S. davawensis gltA (control). The oligonucleotides bind internally and their binding specificity was validated using CLC Genomics Workbench 6 (Qiagen, Hilden, Germany).
Differential metabolome analysis
Cells from S. davawensis or S. coelicolor were harvested by centrifugation (2000 g; 2 min) at 4 C. The mycelium samples (eight biological replicates for each condition) were split and an aliquot was used to determine the dry weight. The remaining mycelium was frozen in liquid nitrogen. 2 ml of a 80 C hot extraction solution (acetonitrile/water 60 : 40 (V/V), LCMS-grade) were added to the mycelia samples. The mixtures were incubated for 3 min at 80 C with shaking and cooled on ice for 2 min. The samples were centrifuged at 16 860 g (4 C), the supernatant (metabolite extract) was collected and kept on ice. The extraction was repeated once and extracts were dried under vacuum and stored at À80 C until metabolomics analysis. Evaporated extracts were re-dissolved in LCMS-grade water to 200 µl per g l À1 cell dry weight and analysed in three technical replicates by injecting 10 µl. The mass spectrometric analysis was performed on a platform consisting of a Hitachi L-7100 liquid chromatography pump coupled to a Gerstel MPS2 autosampler and an Agilent 6550 IonFunnel QTOF (Agilent, Santa Clara, CA) operated with published settings in negative ionization mode [29] using automated isocratic flow-injection without prior chromatographic separation. The flow rate was 150 µl min À1 of mobile phase consisting of isopropanol/water (60 : 40, v/v) buffered with 5 mM ammonium fluoride at pH 9. For online mass axis correction, 2-propanol (in the mobile phase), taurocholic acid, and hexakis (1 h, 1 h, 3Htetrafluoropropoxy)phosphazine were added to the mobile phase. Mass spectra were recorded in profile mode from m/z 50 to 1000 with a frequency of 1.4 spectra s À1 for 0.48 min using the highest resolving power (4 GHz HiRes). Source temperature was set to 325 C, with 5 l min À1 drying gas and a nebulizer pressure of 30 psig. Spectral processing (profile alignment, peak detection, centroiding, merging) was performed as published previously [29] . All steps of data processing and analysis were performed with Matlab R2014a (The Mathworks, Natick) using functions embedded in the 'bioinformatics', 'statistics', 'database' and 'parallel computing' toolboxes. All ions were putatively annotated as metabolites within 0.001 Da deviations from their theoretical mass using the KEGG metabolite database as reference, which can lead to ambiguous annotations for compounds with identical sum formula. The mapping between m/z features and metabolites is based on accurate mass alone. This approach inherently generates putative annotations and is unable to distinguish between isomers.
RESULTS
The distribution of dodecin-encoding genes in prokaryotes and their genomic context in Streptomycetes The present study was initiated to investigate the role(s) of dodecins in Streptomycetes. Dodecins have not been studied in Streptomycetes before. As a first step the distribution of dodecin genes in prokaryotic species in general and more specifically in Streptomyces species was analysed. Dodecins are apparently more widely distributed in the domain Bacteria (894 of 1752 fully sequenced genomes contain dodecin genes) than in the Archaea (18 of 94). Genes encoding dodecins are present in all Streptomyces species sequenced so far and the corresponding gene products share a high degree of similarity at the amino acid level (up to 71 %) and also are highly similar (66 %) to dodecin MtDod B of the pathogenic actinobacterium M. tuberculosis [7] (Fig. S1 ). The key tryptophan residue indicative for flavin-binding is not present in all (putative) Streptomyces dodecins and possibly these dodecins bind other molecules besides flavins. The well-studied archaeal HsDod A shows a similarity of only 29 % to the dodecins of S. davawensis (SdDod B ) and S. coelicolor (ScDod B ), proteins, which were investigated in the present work. The dodecins of the roseoflavin producers S. davawensis and S. cinnabarinus are identical in sequence. Analysis of the genomic context of dodecin genes in S. davawensis, S. cinnabarinus and S. coelicolor revealed that genes devoted to ergothionein-biosynthesis are located close to the dodecin genes (Fig. 1b) . Ergothioneine has antioxidant properties in vitro and was reported to protect S. coelicolor from oxidative stress [30] . The chromosomal linkage of ergothionein-biosynthesis genes and the dodecin gene led us to the speculation that these genes may have related physiological functions and that dodecins and possibly flavin metabolism in general affects the oxidative stress response in Streptomycetes. Notably, in the actinobacterium M. tuberculosis the ergothioneine biosynthetic genes are not linked to the dodecin gene [31] .
Dodecin genes in S. davawensis and S. coelicolor are expressed in the exponential as well as in the stationary growth phase The following experiment was performed to show that the (putative) dodecin genes in S. davawensis and S. coelicolor indeed are expressed and do not represent pseudogenes. S. davawensis cells were grown to the stationary phase (72 h). At this stage the culture medium turned red due to synthesis of the red antibiotic roseoflavin. Cells of a separate S. davawensis culture were harvested earlier (in the exponential growth phase; 28 h) where no roseoflavin was present (the culture was white). Total RNA of cells from both cultures was analysed by RT-PCR using dod SD -and gltA2-specific primers (Fig. 2) . The latter primer pair was employed to monitor expression of the gene-encoding citrate synthase in S. davawensis (EC 2.3.3.1; gltA2 SD ). Constitutive expression of the homologous gene gltA2 SC was reported for S. coelicolor and thus this reaction was used as a control [32] . We found dod SD -and gltA2 SD -specific PCR products using both total RNA samples as templates for RT-PCR indicating that both genes were expressed in both growth phases. Cells from S. coelicolor were analysed in a similar way and the results suggested as well that expression of dod SC and gltA2 SC occurred in the exponential and in the stationary growth phase. Dodecins appear to play a role in both growth phases and the following experiments were initiated to shed more light on the function of the flavinbinding dodecins in Streptomycetes.
Deletion of dod
SD from the chromosome of S. davawensis leads to changes in flavin levels To study dodecin function with regard to flavin metabolism in S. davawensis the corresponding gene dod SD was disrupted. Successful gene deletion within the chromosomes of the resulting S. davawensis strains was verified by PCR and DNA sequencing revealing that dod SD had been replaced by an apramycin resistance cassette (aacIV) (Fig. S2) . In addition, two independently isolated deletion strains (S. davawensis Ddod.1 and S. davawensis Ddod.2) were analysed by RT-PCR and, as expected, a dodecin-specific cDNA could not be detected validating deletion of dod SD (Fig. S3 ). S. davawensis Ddod.1 was cultivated in the standard yeast starch-medium (YS) and total cellular flavin levels (riboflavin, FMN and FAD) were compared to S. davawensis wildtype during the time course of growth (Fig. 3) . Apparently, riboflavin present in YS (4 µM) as well as riboflavin generated intracellularly by riboflavin-prototrophic S. davawensis had almost completely been converted to FMN and FAD at all times (1, 2, 7, 10 and 14 days). In contrast to E. coli [23] , the most abundant flavin within the cytoplasm was FMN (ca. 60 %) and not FAD. At the end of the growth Agarose gel electrophoresis in combination with ethidium bromide staining was used to detect dod-specific PCR products generated by RT-PCR. Total RNA was isolated from exponentially growing cells and from cells entering the stationary growth phase. This RNA was used to generate dod cDNAs employing dod-specific oligonucleotides. In parallel expression of gltA2 encoding citrate synthase was monitored as a control. Lanes M, nucleotide marker, 100 nucleotide pair (nt) ladder. Lane 1, RT-PCR product of the expected size (207 nt) corresponding to the S. davawensis dod SD gene when total RNA was isolated from exponentially growing cells. Lane 2, as lane 1, however, total RNA from stationary phase cells was used as a template. Lanes 3 and 4, as lanes 1 and 2, however, oligonucleotides specific for the S. davawensis gltA SD gene were used for RT-PCR generating the expected 408 nt amplicon. Lanes 5 and 6, negative controls, RT-PCR reactions where no reverse transcriptase was added to the reaction (total RNAs from the exponential (lane 5) and stationary (lane 6) growth phases). Lane 7, negative control, RT-PCR reaction in the absence of total RNA. Lanes 9-15, same as in lanes 1-7, however, total RNA from S. coelicolor and oligonucleotides specific for the S. coelicolor dod SC and gltA SC genes were used, respectively. Fig. 3 . Disruption of the dodecin gene (dod SD ) in S. davawensis leads to a change in flavin levels. S. davawensis Ddod.1 was cultivated in YS broth and total flavin levels in cell-free extracts (µM flavins normalized to 1 mg total protein of the cell-fee extract) were compared to S. davawensis wild-type. Mycelia of the two different strains were harvested at different times during cultivation (days 1, 2, 7, 10 and 14), disrupted and cell-free extracts were treated with trichloroacetic acid to fully denature all proteins and to release all flavins. Flavin levels in the wild-type strain are represented by the left columns whereas the corresponding data of Ddod.1 are shown in the right part of the figure. Riboflavin levels as well as FMN and FAD, which were generated in the cytoplasm of S. davawensis by the bifunctional flavokinase/FAD synthetase RibCF [35] , were determined by LC/MS. The data represent mean values from three independent experiments with the indicated standard deviation. The total biomasses at the end of these experiments were similar in the wild-type and in Ddod.1 (not shown).
experiment (after 14 days of incubation) S. davawensis
Ddod.1 contained less FMN, and FMN levels were also reduced at days 7 and 10 when compared to the wild-type. The total biomasses of the wild-type strain and Ddod.1 were similar in all growth experiments (also when the strains were cultivated on a minimal medium) and we conclude that SdDod B is not an essential protein under these conditions and that altered FMN levels do not affect growth.
The dodecins from S. davawensis and S. coelicolor bind flavins and flavin analogues The following experiments were carried out to show that the dodecins from S. davawensis (SdDod B ) and S. coelicolor (ScDod B ) indeed are flavin-binding proteins. As a first step in vivo binding of flavins was monitored employing the specialized E. coli strains CpXFMN and CpXFAD (Fig. S4) [17, 33] . These E. coli strains were used for expression experiments since genetic manipulation and cell disruption was much easier when compared to Streptomyces strains. The genes dod SD and dod SC were overexpressed separately in CpXFMN and in CpXFAD. E. coli CpXFMN contains an additional flavokinase gene FMN1 (from Schizosaccharomyces pombe) and especially supports formation of FMN/ RoFMN within the cytoplasm of the recombinant bacterium which means that these flavins are present at higher levels when compared to the wild-type strain. E. coli CpXFAD contains an additional flavokinase/FAD synthetase gene (ribCF) and especially supports formation of FAD/RoFAD. CpXFMN and CpXFAD were transformed with expression plasmids containing dod SD and dod SC . At the time point of induction of SdDod B and ScDod B riboflavin or roseoflavin were added to the culture medium of the different dod overexpressing strains to challenge the nascent recombinant dodecins with regard to flavin-binding. The E. coli strains were grown further to the early stationary growth phase and disrupted. SdDod B and ScDod B contained a His 6 -tag and thus could rapidly be purified to apparent homogeneity from the resulting cell-free extracts. Purified SdDod B and ScDod B preparations were denatured and their flavin content was determined by HPLC/MS. When the different strains were challenged with riboflavin (50 µM) the corresponding dodecins contained mostly FMN (Table 1) and no major differences with regard to the expression hosts CpXFMN or CpXFAD were observed. When cells were challenged with roseoflavin (50 µM) the results were different depending on the E. coli host. When CpXFMN was used, ScDod B contained large amounts of roseoflavin/ RoFMN whereas SdDod B predominantly contained FMN. When CpXFAD was challenged with roseoflavin again ScDod B appeared to bind more roseoflavin/RoFMN when compared to SdDod B . FAD or RoFAD were not released from these dodecins ( Table 1 ) although E. coli CpXFAD generates more FAD/RoFAD within the cytoplasm when compared to CpXFMN [17] . These experiments were done only once, however, two different E. coli strains were used for this in vivo analysis. Our working hypothesis that SdDod B would bind more roseoflavin/RoFMN clearly was not supported by these results and our conclusion that SdDod B is not superior with regard to binding roseoflavin/ RoFMN seems to be justified.
The dodecameric form of dodecin from S. davawensis is stabilized upon binding of roseoflavin in vitro S. davawensis and S. cinnabarinus are the only bacteria known to synthesize roseoflavin and the primary structures of their dodecins SdDod B and ScinDod B are identical. We hypothesized that these bacteria may contain specialized dodecins with specific roles in roseoflavin metabolism. As a prerequisite to this role roseoflavin-binding to SdDod B was analysed in vitro. A His 6 -tagged SdDod B recombinant protein was overproduced in E. coli Rosetta 2(DE3) allowing expression of genes that contain codons rarely used in E. coli. His 6 -tagged SdDod B was purified to apparent homogeneity from E. coli cells which were not challenged with flavins. When purified under these conditions SdDod B did not contain bound flavins. S. davawensis dodecin (50 µM) was incubated in the presence of a fivefold excess of roseoflavin (250 µM) for 15 min. As a control, SdDod B was also incubated in the absence of roseoflavin. Subsequently, SdDod B was analysed by PAGE in the absence of denaturing SDS (Fig. 4) . In the presence of roseoflavin an SdDod B dodecamer was found whereas in the absence of roseoflavin (control) only the monomeric form of SdDod B was present. In the presence of riboflavin this shift did not occur. The structures of riboflavin and roseoflavin are considerably different (Fig. 1a) and the additional dimethylamino group at C8 of roseoflavin appears to trigger dodecamer formation. The molecular reason(s) for this, however, remain(s) unclear and also whether this multimerization in the presence of roseoflavin occurs under physiological conditions in the Streptomyces cell. Still, these findings prompted us to further investigate the role of SdDod B with regard to roseoflavinbinding and with regard to a possible role in roseoflavin metabolism. Notably, ScDod B was analysed in the same way (data not shown). Under the applied conditions (and in contrast to SdDod B ) ScDod B was always present as a dodecamer (even in the absence of flavins). Notably, dodecameric ScDod B was found to bind roseoflavin, riboflavin or FMN when treated with these flavins prior to loading the samples to the gel.
S. davawensis dodecin is not involved in roseoflavin resistance and/or roseoflavin biosynthesis
The following growth experiments were carried out to study a possible function of dodecin in roseoflavin resistance or biosynthesis in S. davawensis. FMN is the direct substrate for the key enzyme of roseoflavin biosynthesis (RosB) [27, 34] and we therefore hypothesized that the flavin-binding dodecins could, in a direct or indirect way, affect roseoflavin production. S. davawensis wild-type and the dod SD deletion strains Ddod.1 and Ddod.2 (see above) were grown on solid YS which is the only growth medium known to support synthesis of roseoflavin [12] . In addition to endogenous roseoflavin (all tested strains synthesized roseoflavin) exogenous roseoflavin (200 µM) was added to the YS-plates. This amount of roseoflavin exceeds the naturally generated amount of roseoflavin by a factor of 10. S. davawensis wildtype and the dod SD deletion strains Ddod.1 and Ddod.2 showed similar growth whereas S. coelicolor wild-type (which naturally does not produce roseoflavin) was not able to grow in the presence of roseoflavin (Fig. 5a ). S. davawensis wild-type and Ddod.1 were grown in liquid YS and roseoflavin levels were monitored by HPLC (Fig. 5b) . No differences in roseoflavin levels were detected even after 14 days of cultivation. In summary these results suggest that dodecin neither plays a direct role in protection from toxic roseoflavin, RoFMN or RoFAD nor in roseoflavin biosynthesis.
Heterologous expression of the dodecin gene from S. davawensis in Bacillus subtilis does not lead to roseoflavin resistance of the resulting recombinant strains B. subtilis is especially sensitive towards roseoflavin and serves as a model system to study roseoflavin activity [14, 15, 35] . To validate the findings of the previous section which suggested that SdDod B does not protect from the toxic effects of roseoflavin, growth experiments with different recombinant B. subtilis strains were performed. These strains contained the dodecin genes from either S. davawensis or, as a control, S. coelicolor under control of a strong IPTG-inducible promoter. The dodecin genes were codonadapted for efficient expression in B. subtilis and expressed as two different versions. One version did not contain codons specifying a His 6 -tag, a second version did contain codons specifying a His 6 -tag to allow immunological detection and verification of synthesis of the gene product. Successful expression of the dodecin genes in B. subtilis was validated upon detection of His 6 -tagged dodecins in cellfree extracts of induced recombinant strains overproducing SdDod B or ScDod B (Fig. S5) . Growth experiments in liquid growth media were performed in the presence/absence of riboflavin (control) or roseoflavin and the results clearly showed that the presence of the dodecin genes from S. davawensis (or S. coelicolor) did not lead to protection of Fig. 4 . Roseoflavin affects multimerization of dodecin from S. davawensis. Apododecin from S. davawensis was purified from a recombinant E. coli strain and incubated for 15 min in the absence (lanes 1, 3) and presence (lanes 2, 4) of 250 µM roseoflavin. Protein samples were analysed by native PAGE with a running buffer containing SDS. The left part of the gel (lanes 1 and 2) was stained with Coomassie Brilliant Blue G-250. The right part (lanes 3 and 4) was not stained, however, the running buffer contained Coomassie Brilliant Blue G-250 which is the reason for the band at 10 kDa corresponding to the monomer of dodecin. The right part was evaluated under visible light and the red band at 108 kDa shows that roseoflavin is part of the S. davawensis dodecin complex. A shift from 9 to 108 kDa occurred in the presence of roseoflavin, indicating formation of the dodecin dodecamer. When the protein was treated with riboflavin such a shift did not occur (not shown). Lanes M contain the molecular weight marker.
B. subtilis with regard to the antibiotic roseoflavin (Fig. S6) . A similar experiment was performed using solid growth media and an inoculum of 50 000 cells. Similar results were obtained namely that expression of dodecin genes neither led to complete roseoflavin resistance nor to an elevated tolerance of B. subtilis with regard to this antibiotic (Fig. S7) .
Disruption of the dodecin gene leads to an increased tolerance towards plumbagin in S. davawensis Previous works suggested that dodecins have a function in protection against radical or oxygenic stress and since we could rule out a specific role of dodecin in roseoflavin resistance of S. davawensis we anticipated that dodecins may have a more general role in the strictly aerobic Streptomycetes [4] . To test such a possible role the following experiments were carried out challenging different Streptomyces strains with plumbagin, nitrofurantoin and paraquat. These compounds are known to promote formation of O 2 À and are commonly used to mimic conditions of oxidative stress [36, 37] . S. davawensis wild-type, Ddod.1 and Ddod.2 were cultivated for 5 days at 30 C in liquid YS. Mycelia of all strains were harvested and their dry weight was determined (Fig. 6) . In contrast to all other strains, S. davawensis wild-type was not able to grow in the presence of plumbagin (20 µM) as only small amounts of mycelium were found at the end of the growth experiments. The deletion strains Ddod.1 and Ddod.2 could perfectly grow under these conditions and appeared to be fully resistant to this compound (Fig. 6 ). We were not able to complement the Ddod strains by re-introducing the wild-type gene as only one resistance cassette is known to work in S. davawensis. S. coelicolor wild-type, containing a functional dodecin gene, grew in the presence of plumbagin and thus was plumbagin-resistant (data not shown). This finding suggested that dod SD had a specific function in S. davawensis with regard to oxidative stress.
Effects of dodecin deletion on plumbagin stressed Streptomycete metabolomes As a first step towards elucidation of dodecin function with regard to oxidative stress metabolome analyses of S. davawensis wild-type, Ddod.2 and, as a control, S. coelicolor were carried out. The different strains were cultivated in YS in the presence/absence of sublethal amounts of plumbagin (15 µM). Polar intracellular metabolites were extracted and analysed using non-targeted flow injection time-of-flight mass spectrometry [29] . In total, 180 datasets were generated and 12 730 ions were detected, of which 1673 ions could be annotated as metabolites based on matching their accurate masses with the Kyoto Encyclopedia of Genes and Genomes (KEGG) S. davawensis compound database [38] (see Dataset M in the supplementary material). To obtain an overview of the main sources of variance between the samples (and to understand which metabolites contributed most to the characteristic metabolic differences in the samples) a principal component analysis (PCA) was carried out (Fig. S8a) . As expected, water and medium samples separated clearly from the cellular extracts along the first principal component, which accounted for 70 % of the variance. Moreover, there was a clear separation between samples from S. coelicolor and S. davawensis along the second principal component accounting for 10 % of the variance. Effects of plumbagin treatment was found to be masked by the above described sources of variance, and for all further analysis the medium and water controls were removed. In a second step, a PCA of the cellular extracts only was carried out (Fig. S8b) . The most influential factor on the remaining variance again was the taxonomic split between the two species S. coelicolor and S. davawensis (first principal component, 37.2 % of variance). The second principal component (19 % of variance) mainly explained the strong metabolome differences between plumbagin-treated S. davawensis Ddod.2 and all other samples, confirming the observations in the Fig. 5 . Deletion of the dodecin gene in S. davawensis neither leads to roseoflavin sensitivity nor to a reduction of roseoflavin synthesis. (a) In total, 50 000 spores of each S. davawensis wild-type (Sd), two independent dodecin deletion strains (Ddod1 or D1; Ddod2 or D2) or S. coelicolor (Sc) were spread on YS plates and incubated for 2 days in the absence of light (to avoid degradation of roseoflavin). The left plate (control) did not contain roseoflavin whereas the right plate contained 200 µM roseoflavin (RoF). Sc could not grow in the presence of RoF whereas Sd, D1 and D2 were able to grow in the presence of this antibiotic. If SdDod B would contribute significantly to roseoflavin resistance no growth of the dodecin deletion strains would have been expected. (b) YS broth was inoculated with 50 000 spores either from S. davawensis wild-type or from Ddod1 (D1). Cells were grown for 14 days. At indicated times, samples were taken from the supernatants of the cultures and analysed by HPLC with regard to roseoflavin levels. The data show that deletion of the dod gene does not strongly affect roseoflavin synthesis under these conditions. Three independent experiments were carried out and the columns show the mean values and standard deviations, respectively.
previous section, where deletion of the dodecin gene had a considerable influence on the response to plumbagin by S. davawensis. When focusing on S. coelicolor, the main source of variance was plumbagin treatment although the metabolic response was much less pronounced when compared to the S. davawensis strains.
As a next step in our metabolome analysis a differential analysis was carried out to identify metabolite ions of which the cellular abundance responded to plumbagin treatment. We calculated log 2 fold-changes and P-values (Student's t-test, two-tailed, unpaired) for each ion between plumbagin-treated and untreated samples. Plumbagin caused complex effects on the metabolome of all strains and significant changes in the levels of mycothiol and mycothione indicated that the cells were indeed experiencing oxidative stress [30, 39] . Mycothiol is the major thiol found in Actinobacteria and has many of the functions of glutathione, which is the dominant thiol in other bacteria and eukaryotes [40] . Mycothione is the oxidized form of mycothiol. Plumbagin responses between the two Streptomyces species were predominantly species-specific and only a few common differential metabolites were observed (Fig. S9a, b) . Interestingly, the overall number of differential metabolites between the dodecin mutant Ddod.2 and wild-type S. davawensis was increased in the presence of plumbagin, consistent with a specific but yet unknown physiological role of dodecins in Streptomycetes. Interestingly, the metabolomics data revealed that the observed metabolic responses to plumbagin treatment were more similar between S. davawensis Ddod.2 and S. coelicolor wild-type than between S. davawensis Ddod.2 and S. davawensis wild-type. Notably, levels of other chemicals also changed. However, we could not assign these changes to known biological processes. This is why these metabolites are not discussed here.
Metabolome analyses suggest a rather general role for Streptomyces dodecins We also investigated the metabolic consequences of dodecin gene deletion in the absence of plumbagin, again by performing a differential analysis. The deletion of the dodecin gene in S. davawensis had profound effects on the metabolome (Fig.  S9c) . We observed a strong depletion of xanthine and other compounds related to nucleotide metabolism. In contrast, a strong accumulation of carotenoids, an unusual antioxidant (2-S-glutathionyl)acetyl glutathione), a large number of polysaccharides (trehalose, trehalose 6-phosphate, glycogen, triand tetrasaccharides) and an osmoprotectant (hydroxyectoine) occurred. Since many carbohydrates have beneficial effects on stressed cells as protein stabilizing compounds, this could explain increased plumbagin-tolerance of the dodecin deletion strain.
DISCUSSION
Our comparative study on dodecins from S. davawensis and S. coelicolor was initiated to investigate a possible specific function of these small flavin-binding proteins in roseoflavin resistance and metabolism in S. davawensis and S. cinnabarinus. The dodecins in these two bacteria are identical and S. davawensis and S. cinnabarinus are the only organisms known to synthesize toxic roseoflavin. When a His 6 -tagged version of M. tuberculosis dodecin (MtDod B ) was purified from a recombinant E. coli strain (which had been challenged with roseoflavin) it contained roseoflavin without a significant riboflavin contamination [33] . This study led us to the speculation that dodecins may play a vital role Fig. 6 . Deletion of the dodecin gene in S. davawensis leads to an increase in resistance towards plumbagin. Two independent S. davawensis dod SD deletion strains (Ddod1 or D1; Ddod2 or D2) and the wild-type (wt) were grown to the early stationary growth phase (5 days) in the dark in YS broth. All cultures were inoculated with 10 5 spores. Prior to inoculation, plumbagin (Pb, 20 µM), nitrofurantoin (NF, 100 µM) or paraquat (Pa, 500 µM) were added as shown. These compounds are known to induce oxidative stress in a variety of bacteria [22, 36, 37] . (a) After 5 days the cells were harvested by centrifugation. In contrast to the deletion strains, S. davawensis wildtype cannot grow in the presence of plumbagin. Nitrofurantoin and paraquat did not affect growth under these conditions. (b) The dry weights of the mycelia [generated as shown in (a)] were determined. Three independent growth experiments [one example is shown in (a)] were carried out and the columns in (b) show mean values and the standard deviations.
in roseoflavin resistance of S. davawensis and S. cinnabarinus by absorbing toxic roseoflavin. Deletion of the S. davawensis dodecin gene dod SD did not lead to roseoflavin sensitivity of S. davawensis and overexpression of dod SD in B. subtilis did not cause roseoflavin resistance in the resulting recombinant strain. When challenging ScDod B and SdDod B with roseoflavin in vivo both dodecins appear to bind roseoflavin and/or RoFMN. S. coelicolor is not a roseoflavin producer. The fact that ScDod B apparently is also able to bind the toxic flavins as well argues against our hypothesis that a highly specialized SdDod B in S. davawensis would absorb and thus inactivate toxic roseoflavin when cells enter the roseoflavin production phase. Recent studies on the roseoflavin biosynthetic enzymes RosA and RosB revealed that both enzymes appear to not release their toxic reaction products to the cytoplasm (roseoflavin and 8-demethyl-8-aminoriboflavin, respectively). This, in addition to a specialized FMN riboswitch [13] , at present are the only known mechanisms of resistance to roseoflavin [27, 34] .
We found that dodecins of S. davawensis and S. coelicolor both preferentially bind FMN over other flavins which is in line with previous reports on bacterial dodecins [6, 7] . The fact that deletion of dod SD in S. davawensis leads to reduced overall flavin levels can be explained as follows. In S. davawensis riboflavin biosynthesis is regulated by an FMNresponsive riboswitch reducing expression of the riboflavin biosynthetic genes in response to elevated FMN levels [13] . In strain S. davawensis Ddod.1, where dodecin is not available to bind FMN, levels of free cytoplasmic FMN probably were higher when compared to the wild-type. Increased FMN levels reduced FMN-riboswitch-controlled expression of riboflavin biosynthetic genes leading to the observed reduction of cellular flavin levels. Dodecins bind flavins with high affinity if the flavins are oxidized, whereas flavin reduction induces formation of apododecins and free flavins [41] . SdDod B as well as ScDod B appear to be abundant proteins, they preferentially bind FMN and we therefore speculated that these proteins would affect the equilibrium between FMN and FMNH 2 within cells. This equilibrium in turn is relevant with regard to oxidative stress management since reduced flavins were reported to be responsible for generation of highly reactive O 2 À and H 2 O 2 [22] . The finding that the S. davawensis dod SD deletion strain, in contrast to the wild-type, was fully resistant to treatment with plumbagin prompted us to carry out untargeted metabolome studies. The metabolomes of S. davawensis and S. coelicolor were found to be surprisingly different in the absence but also in the presence of plumbagin. At present we do not know why the S. davawensis dod SD deletion strain clearly is more resistant to treatment with plumbagin than the wild-type strain --it appears that the dod SD deletion strain is able to more quickly react to oxidative stress.
In summary, we think that dodecin serves as an FMN storage protein in Streptomycetes affecting flavin mediated regulation of riboflavin biosynthesis and as a result the flavin load and activity of a variety of flavoenzymes. Any perturbation of dodecin function should accordingly have a broad impact on cellular physiology, an effect which indeed was observed in our present study.
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